Photosystem I (PSI) were reported as trimeric complexes in most characterized 2 cyanobacteria, yet monomers in plants and algae PSI. Recent reports on tetrameric PSI 3 raised questions regarding its structural basis, physiological role, phylogenetic distribution 4 and evolutionary significance. In this study, by examining PSI in 61 cyanobacteria, we 5
Introduction 16
Photosystem I (PSI) is integral in the light reactions of oxygenic photosynthesis in cyanobacteria, 17 algae and plants (Golbeck, 2007) . Upon illumination, PSI accepts an electron from plastocyanin 18 or cytochrome c and transfers this electron to its major acceptor, ferredoxin. While algal and 19 plant PSI have been reported to exist as mostly monomers (Ben-Shem et al., 2003; Kouril et al., 20 2005; Gardian et al., 2007; Veith and Buchel, 2007; Watanabe et al., 2011) and recently as 21 dimers in spinach thylakoid membrane (Wood et al., 2018) , cyanobacterial PSI has been reported 22 as trimeric in most studies. The first study that showed this trimeric PSI structure was done in the 23 cyanobacteria Synechococcus (Boekema et al., 1987) . Later, trimeric PSI has been observed in a 24 diverse range of filamentous and unicellular cyanobacteria (Shubin et al., 1992; Shubin et al., 25 1993; Tsiotis et al., 1995; Garczarek et al., 1998; Tucker and Sherman, 2000; Boekema et al., 26 2001; Bibby et al., 2003; Casella et al., 2017; MacGregor-Chatwin et al., 2017) , including the 27 most primitive known cyanobacterium, Gloeobacter violaceus PCC 7421 (Mangels et al., 2002) . 28
Early protein crystallography structures corroborated these findings of trimeric PSI in 29 cyanobacteria (Almog et al., 1991; Jordan et al., 2001) , such as the structure of trimeric PSI from 30 the thermophilic cyanobacteria Thermosynechococcus elongatus BP-1 (Jordan et al., 2001) . Due 31 to these early seminal reports, it was assumed that PSI in all cyanobacteria was in a trimeric 32 configuration, as opposed to the monomeric form found in plants and algae. Recently, a 33 tetrameric form of PSI observed in the cyanobacteria Nostoc sp. PCC 7120 (Watanabe et al., 34 In light of the recent discovery of tetrameric PSI, we extended the study to encompass a much 46 larger and more diverse set of cyanobacteria to characterize the oligomeric state of PSI structure 47 throughout the cyanobacterial phylum. To investigate an underlying mechanism for tetrameric 48 PSI formation, we probe the correlation between PSI oligomeric states, PsaL sequence and 49 genomic structure using bioinformatics and biochemistry techniques. Finally, although the 50 physiological significance of the PSI tetramer was poorly understood in cyanobacteria, we have 51 explored several growth conditions that may alter the formation of the tetramer. Our findings 52 indicate that exposure to high light induces a significant increase in PSI tetramer formation, 53 while also increasing carotenoid content. These results shed light on the role and function of 54 higher order oligomers of PSI and provide insight into the possible cyanobacterial lineage 55 associated with the origin of the plastid. 56 57
Results

58
PSI Oligomeric States in Cyanobacteria 59
To understand how PSI evolved from its cyanobacterial multimeric forms to the monomeric 60 form in algae and plants, a comprehensive and unbiased understanding of the cyanobacterial PSI 61 oligomeric forms is needed. This needs the investigation of the PSI structures through the 62 diversity of cyanobacteria. Here, we have investigated the oligomeric states of PSI in 61 63 cyanobacteria including 34 heterocyst-forming cyanobacteria and five unicellular close relatives, 64 as well as a set of 22 widely divergent unicellular and filamentous cyanobacteria for comparison 65 (Dataset S1). For most heterocyst-forming cyanobacteria and their close unicellular relatives 66 (HCR), tetrameric and/or dimeric PSI, besides the abundant monomeric PSI, was observed as the 67 major PSI oligomers determined by BN-PAGE analysis (Figs 1, S2) . Similarly, analysis of T. 68 elongatus BP-1 and Synechocystis PCC 6803 consistently observed trimeric PSI by S2) . Specifically, 30 out of 34 heterocyst-forming cyanobacteria including poorly 70 studied species such as Spirirestis rafaelensis UTEX B 2660 (Figs 1a, S2n) , appeared to have 71 tetrameric or dimeric PSI (Dataset S1). To verify that the altered electrophoretic mobility was 72 truly indicative of the PSI tetramer, PSI oligomers for several species were examined using 73 TEM, which confirmed their tetrameric structure (Figs 1b, S2) . PSI tet P C C 7 4 1 4 B 2 0 9 3 B 2 6 6 0 T S -8 2 1 P C C 6 8 0 3 P C C 1 0 8 0 2 P C C 6 6 0 5 P C C 7 8 0 6 P C C 7 1 0 4 P C C 6 7 1 2 (a) (c) In contrast to HCR, most other cyanobacteria that we studied contained predominantly trimeric 104 PSI (Figs. 1c, S2, S3; Dataset S1). When we investigated this PSI oligomer by TEM, we 105 observed that this form was a clear trimer as shown for PCC 6712 (Fig. 1d ). Amongst this group 106 of PSI trimer-containing cyanobacteria, T. elongatus and Synechocystis PCC 6803 were 107 included, within which the existence of trimeric PSI has been confirmed via crystallography 108 (Jordan et al., 2001; Malavath et al., 2018) . Many of the other cyanobacteria studied were also 109 observed to contain trimeric PSI (Figs 1c, S2, S3; Dataset S1). 110
Occasionally, irregular PSI oligomers were observed in these diverse cyanobacteria based on 111 results obtained via BN-PAGE analysis. For example, a potential PSI hexamer was observed in 112
Chroococcidiopsis sp. PCC 6712 (Figs 1c, S2c, d) forming strains. In all HCR, we observed the psaL gene located downstream of psaF and psaJ 143 (psaF/J/L) (Figs 2, S4b), in agreement with an earlier report (Li et al., 2014) . This PsaL encoded 144 by psaF/J/L, along with prevailing tetrameric/dimeric PSI, clearly delineates the clade of 145 cyanobacteria, namely HCR, represented by green lines and the inset of Fig. 2 
. 146
Cyanobacteria that fall outside of the HCR clade often have the psaL flanked by psaI (psaL/I) or 147 in a few cases found in psaF/J/L or isolated from other psa genes all together (Figs 2, S4a) . 148
Besides the 9 strains with reported PSI trimers, our analyses of the PSI oligomers identified an 149 additional 16 strains with trimeric PSI using BN-PAGE (shown in blue text, Fig. 2 ). These PSI 150 trimer-bearing cyanobacteria, spreading out in the cyanobacteria phylum outside HCR, cover 151 each major branching point and clade. This group also includes the well characterized reference 152 strains of T. elongatus and Synechocystis PCC 6803. When the absence of PsaL, coded by 153 psaF/J/L, is clearly correlated to the PSI trimer in cyanobacteria ( Fig. 2) , the presence of such 154
PsaL does not always point to a tetrameric/dimeric PSI. The phylogenetic analysis of PsaL 155 revealed that PsaL coded by psaF/J/L fall in to different lineages, with the ones in HCR being a 156 unique clade (dark green in Fig. S4b ). 157
We did observe that some cyanobacteria with tetrameric PSI, such as Fischerella muscicola PCC 158 7414, also have two copies of the psaL gene, one copy organized as a psaF/J/I and the second as 159 a psaL/I (Figs 2, S4a ). The first copy (as in psaF/J/I) points to HCR and having 160 tetrameric/dimeric PSI ( Fig. S4b , colored in dark green) while the second form of PsaL (in the 161 psaL/I locus) is closely related to the recently identified far-red light responsive PsaL, found in 162 monomeric PSI, in Leptolyngbya sp. strain JSC-1 ( Fig. S4b , colored in red) (Gan et al., 2014). 163 This indicates that some of the HCR may have the second copy of the psaL gene (in psaL/I) 164
being expressed during far-red light acclimation. 165
To verify a direct correlation between a specific PsaL protein and the formation of the PSI 166 tetramer, subunit analyses for the isolated PSI trimer and tetramer from three different 167 cyanobacteria, TS-821, PCC 7428, and PCC 7414, were performed using LC-MS/MS. 168
Interestingly for all three species, it is the same PsaL protein, encoded by psaL in psaF/J/L, that 169 was observed in both the tetrameric and trimeric PSI of these three strains (Fig. S5 ). Moreover, 170 genome sequencing of TS-821 revealed only a single form of psaL. Although PCC 7414 encodes 171 two copies of the psaL gene (Fig 2a) , only the PsaL encoded by psaL in the psaF/J/L structure reinforced the possibility that the psaL encoded in psaL/I in PCC 7414 is an example of far-red 174 light responsive PSI genes (Gan et al., 2014; Gan and Bryant, 2015) . These far-red light 175 responsive genes are organized differently in the genome. Moreover, when we build a 176 maximum-likelihood tree of PsaL, the group of far-red light responsive forms of PsaL form a 177 distinct clade (in red text) as shown in Fig. S4b . Phylogenetic analysis revealed the PsaL within 178 the psaF/J/L loci of the HCR forms a single clade. However, the observation that the same PsaL 179 is observed in both tetrameric and trimeric PSI in TS-821, PCC 7428, and PCC 7414 suggests 180 that the unique PsaL encoded in psaF/J/L is necessary, yet not sufficient, to direct PSI tetramer 181 formation. 182 183
PsaL Replacements affect PSI Oligomerization 184
To investigate precisely what structural property of PsaL is key to the determination of the PSI 185 oligomeric state, we performed gene replacement experiments in the mesophilic cyanobacteria 186
Synechocystis sp. PCC 6803. Replacing WT PsaL in Synechocystis sp. PCC 6803 by homologous 187 recombination with either the TS-821 PsaL or Arabidopsis PsaL resulted in monomeric PSI in 188 both mutants ( Fig. 3a, b ). When western blotting was performed on these monomeric forms of 189 PSI, it was clear that they too contained PsaL bound to PSI ( Fig. 3c, d ). This observation 190 suggests that the monomerization of PSI in these transgenic lines is not due to the lack of PsaL 191 expression and/or assembly. These findings suggest that subtle changes in the PsaL structure 192 alone can lead to the monomerization of trimeric PSI in cyanobacteria, as found with the 193 predominant monomeric PSI in PCC 6605 (Figs 1c, S3a). 194 Our earlier work on TS-821 speculated that the loop sequence of PsaL between the second and 195 third transmembrane helices might be a key part in PSI oligomer and PsaL evolution (Li et al., 196 2014) . While this loop sequence structure was not resolved in the trimeric PSI crystal structure 197 from T. elongatus (PDB 1JB0), later improved plant PSI monomer structures showed the 198 interaction between this loop sequence with PsaH (Qin et al., 2015 , Mazor et al., 2015 . Noticing 199 that TS-821 PsaL has an unusual multi-proline motif in this loop sequence, we examined the regions of PsaL from all studied 38 of the HCR, we identified a conserved proline-rich motif, 216 often as NPPxP followed by PNPP ( Fig. S6 ). Many of the trimeric PSI containing sequences lack 217 this motif. However, interestingly this motif is shared by both copies of PsaL in PCC 6605 (Fig. 218 S6) which has predominantly monomeric PSI (Figs 1c, S3a) . These observations suggest a 219 similar mechanism of trimeric PSI destabilization in PCC 6605 involving a similar multi-proline 220 motif as observed in this part of PsaL in the heterocyst-forming cyanobacteria. 221 222
Influence of Environmental Factors 223
It is now clear that the formation of PSI tetramers is restricted to a specific subset of 224 cyanobacteria. Despite our ability to "map" this trait to the HCR, there was no clear 225 understanding as to the physiological or evolutionary role that drives this change in 226 oligomerization. Since most heterocyst-forming cyanobacteria have tetrameric PSI, the impact of 227 nitrogen sources and presence of heterocysts on PSI tetramer formation was investigated. We 228 grew three heterocyst-forming strains (PCCC 7414, PCC 7120, and PCC 7122) in both nitrate 229 depleted BG-11 media (BG-110) and BG-11 supplemented with NH4 + . Based on the similar PSI 230 pattern observed with BN-PAGE ( Fig. S7a ) as observed in those cultured in standard BG-11 231 media ( Fig. S2j, k) , it indicates that the nitrogen sources did not affect the presence of tetrameric 232 PSI. Similar result was also observed for Fischerella sp. UTEX LB 1829 (BG-110 vs BG-11, Fig.  233 S2e). These strains did not develop heterocysts with supplemented NH4 + , indicating the presence 234 of tetrameric PSI in vegetative cells. The presence of tetrameric PSI in unicellular strains such as 235 TS-821, PCC 7509 and PCC 7428 (Figs 1a, S2a, b) also agrees with a PSI tetramer independent 236 from heterocyst development, even though tetrameric PSI was shown in heterocysts (Cardona et 237 al., 2009 ). In the case of Nodularia PCC 73104, the small amount of PSI tetramer was only 238 observed in BG-11 medium (Fig. S2j) , while the addition of NH4 + or salt in the culture media 239 appeared to diminish the tetrameric PSI (Fig. S7c ). The special case of Nodularia PCC 73104 240 needs more studies to elucidate the significance of such response, since Nodularia are usually 241 found in brackish or oceanic environments with some strains do not abolish their heterocysts in 242 the presence of NH4 + (Vintila and El-Shehawy, 2007; . 243
In addition to nitrogen source, growth temperature had little, if any, effect on the presence of 244 tetrameric or trimeric PSI (Fig. S7b ) on the four different cyanobacteria investigated. For the we observed little change in the amount of the tetramer/dimer ( Fig. S7c) . At the same time, 248 salinity did not affect the presence and amount trimeric PSI in Pseudanabaena sp. B SP48 (Fig. 249 S3e). Together these results suggest that none of the factors presented above, i.e, nitrogen source, 250 heterocyst development, temperature stress, and salinity, has any effect on the formation of 251 tetrameric and trimeric PSI. 252
253
PSI Tetramer in Response to Light Intensity 254
In contrast to other environmental factors, upon altering the light intensity during growth we saw 255 a clear effect on the ratio of the PSI oligomeric forms. Our study on TS-821 showed that in 256 response to light intensity change from low light (LL) to high light (HL), the tetrameric PSI 257 accumulated, while the PSI trimer decreased (Semchonok et al., 2016) . To confirm that light 258 intensity was a common factor determining PSI tetramer/trimer ratio, we investigated the HL 259 response of additional cyanobacterial strains. We observed an increase in quantity and stability 260 of the tetrameric PSI for both PCC 7428 and PCC 7414 under HL condition (Fig. 4 ). In addition, 261 it was clear that the amount of trimeric PSI was much higher for PCC 7428 when grown at low 262 light (LL) levels (Fig. 4a, b) . The difference observed in PCC 7414 under HL versus LL was 263 slightly less than that observed in PCC 7428 (Fig. 4c, d) possibly due to self-shading within the 264 intertwined filaments in PCC 7414 (Fig. S8 ). Yet these results point to a common HL response, 265 accumulating tetrameric PSI and suppressing trimeric PSI in strains having both forms of the PSI 266 oligomers. Therefore, it is reasonable to speculate that tetrameric PSI is better adapted to HL 267 than trimeric PSI. 268
We have performed a more detailed study of PSI oligomer profiles for TS-821 cultured under 269 several different light intensities, which supported the hypothesis that tetrameric PSI is an 270 adaption to HL. As shown in Fig. 5 , the stability and relative quantity of the PSI tetramer in TS-271 821 increased as the intensity of light is raised from 50-800 µmol/m 2 /s. (Fig. 5a-g) . When the 272 relative quantities of PSI tetramer (percentage over all PSI oligomers) was plotted versus light 273 intensities, it was clear that the apparent maximum increased with light intensity (0.4% DDM, 274 the relative amount of trimeric PSI decreases nearly linearly as the light intensity increases (Fig.  302 5h). This ability to alter the oligomeric form of PSI is not found in all species of 303 Chroococcidiopsis, as indicated by the observation that the absence of PSI tetramer in PCC 7203 304 was not affected by light intensity (Fig. S7d) . 305
To investigate whether tetrameric PSI in TS-821 undergoes a shift in pigment composition or 306 biochemical/biophysical changes under different light intensities, absorption spectra and 77K 307 fluorescence spectra were compared for different PSI oligomers isolated from cells grown under 308 different light conditions (Figs 6a, b, S9 ). While the 77K emission spectra of these isolated PSI 309 oligomers did not show significant differences (Fig. S9) , it is clear that the PSI tetramer under 310 HL has an additional absorption in the range around 440-560 nm, compared with tetrameric PSI 311 under LL (Fig. 6a, b) . The difference spectrum from these two samples showed that at least three 312 discernable peaks (450, 490, and 520 nm) (Fig. 6b ). The absorption spectrum of the LL PSI 313 tetramer also showed a similar additional absorption around 400-500 nm when compared with 314 the PSI trimer under LL (Fig. S9) . 315
Interestingly, when the PSI tetramer is treated with 5% DDM and dissociated into dimers, a very 316 prominent amount of carotenoids stayed on the top layer of the sucrose gradient after separation 317 by centrifugation ( Fig. 6c ). It is very likely that these carotenoids are associated with the inter-318 dimer interface and may even reside in the center of the tetrameric structure, only being released 319 upon dissociation. Interestingly, the absorption spectrum of released carotenoids (Fig. 6d ) 320 resembled the increased absorbance observed in the HL tetramer ( Fig. 6b ). Moreover, spectral 321 analysis of the tetrameric PSI in both TS-821 and PCC 7414 reveal an increase in absorption in 322 the range of 400 ~550 nm when compared with the PSI dimer and trimer (Fig. S10c, d) , and is 323 quite similar to the inter-dimer carotenoids absorption spectrum (Fig. 6d) . These results suggest 324 that tetrameric forms of PSI are generally rich in carotenoids, compared to trimeric and dimeric 325 forms of PSI. When these inter-dimer carotenoids were isolated and analyzed by HPLC, we 326 identified novel PSI cofactors: myxoxanthophyll, canthaxanthin, echinenone, in addition to 327 known cofactors: chlorophyll (Chl) and β-carotene (Figs. 6e, S11a) . The semi-quantitative 328 comparison between the HL PSI tetramer and LL PSI tetramer also revealed that tetrameric PSI to baeocytes (Rippka et al., 1979) , but our current work on these PSI-dimer/tetramer containing 354 unicellular cyanobacteria would support a different placement. Phylogenetic analyses based on 355 16S rRNA gene as well as a more universal set of conserved genes suggest that these tetramer-356 forming cyanobacteria are closely related to heterocyst-forming cyanobacteria (Fewer et al., 357 2002; Shih et al., 2013) . However, no further physiological or biochemical evidence had been 358 reported to support the close evolutionary linkage between the two groups. In this study, we 359 showed similar physiological and biochemical properties of the PSI oligomers observed in those 360 two groups, providing further support of a phylogenetic placement of the PSI-dimer/tetramer 361 unicellular cyanobacteria close to heterocyst-forming strains, as one clade, HCR. 362 with PSI trimer (Fig. S10 ). This is in line with the observations of antennae cooperativity 379 between the three T. elongatus PSI monomers to yield an increased optical cross-section of the 380 trimer (Iwuchukwu et al., 2010; Baker et al., 2014) , while tetrameric and dimeric PSI did not 381 show significant cooperativity among the monomers (Li et al., 2014) . Altogether, tetrameric PSI 382 by itself, compared to trimeric PSI, is a less efficient form of PSI in light harvesting but a better 383 form of PSI in terms of dissipating excessive photonic energy under HL conditions, thereby 384 avoiding photoinhibition. Thus, these cyanobacteria can alter the oligomeric state of PSI as light 385 increases, while also increasing the content of the photoprotective carotenoids. It is not clear if it 386 is the increase in the carotenoids that facilitate the formation of the tetramer or vice versa, yet it 387 is attractive to speculate that the tetrameric structure provides a mechanism to accumulate 388 carotenoids possibly via an unknown and/or novel carotenoid binding mechanism. The light 389 responsive adaptive behavior of the PSI oligomeric state and the ability of a PSI tetramer 390 adjusting its carotenoid content, represents an early evolutionary and unique photo-protective 391 mechanism in HCR. 392
Our results support the hypothesis that PSI oligomers evolved from trimeric to tetrameric in 393 cyanobacteria en route to exclusively monomeric in plants and green algae. By comparing PSI 394 trimeric structure from cyanobacteria and PSI monomeric structure from plants, it was proposed 395 that PSI evolved from a PSI trimer to PSI monomer due to the presence of PsaH, preventing the 396 formation of PSI trimer (Amunts and Nelson, 2009 ). However, the presence of exclusively 397 monomeric PSI in cyanobacteria (Fig. S2) , red algae and heterokonts (Alboresi et al., 2017) 398 without the involvement of PsaH suggests that PSI monomerization preceded the introduction of 399 the PsaH subunit. Changes in PsaL appeared sufficient for PSI monomerization notably with 400
Synechocystis expressing Arabidopsis PsaL exhibiting exclusively monomeric PSI (Fig. 3b) . 401 Therefore, the plant PsaL appeared more closely related to cyanobacterial PsaL in 402 tetrameric/monomeric PSI. The presence of exclusively monomeric PSI in heterocyst-forming 403 cyanobacteria (Fig. S2) Figs 1a, S2) suggests that the monomerization of PSI in plants and green algae shared the 405 same or closely related route to that of PSI tetramer formation over the course of evolution. 406
Exposure to HL may be the driving force for a change in PSI oligomerization. The shift of PSI 407 oligomeric structure from trimeric to tetrameric under HL intensities supports that the HL 408 condition associated with terrestrial environments may have been the selection pressure for PSI mainly trimeric PSI, accumulates more PSI monomer when grown under HL (Wang et al., 2008) , 411 which suggests that monomeric PSI may also be advantageous over trimeric PSI under this 412 increased light intensity. Our study on Chroococcidiopsis sp. PCC 7203, which had mostly 413 monomeric PSI and some dimeric PSI, showed no obvious oligomeric shift when transferred 414 from LL to HL (Fig. S7) . Whether monomeric PSI is a further adaptation to HL remains to be 415 investigated. 416
Nevertheless, it is reasonable to speculate that early plastid ancestors needed to be able to cope 417 with HL irradiance as they moved from relatively light limiting marine/aquatic settings onto the 418 surface of a terrestrial environment. Compared with the PSI trimer, the PSI tetramer or monomer 419 seem to be more adapted to such light intensity. These PSI oligomers are also well suited for the 420 addition of other PSI subunits such as PsaH and light harvesting complexes that bind to the inter-421 monomer faces of PSI. Finally, the observation of a very similar PSI tetramer in the glaucophyte 422
Cyanophora paradoxa (Watanabe et al., 2011) suggests that the closest cyanobacterial relative to 423 plastid ancestors may have also had tetrameric PSI, reinforcing the gene homologies and 424 phylogenomic conclusions that heterocyst-forming cyanobacteria are the most closely related to 425 the plastid ancestor (Dagan et al., 2013) . 426
Materials and Methods
Cyanobacterial growth conditions 428
The regular growth conditions for three control strains, Synechocystis sp. PCC 6803 (WT and mutants), Chroococcidiopsis sp. TS-821 (TS-821) and T. elongatus BP-1 were described in 430 earlier study (Li et al., 2014) . Cyanobacteria from UTEX were maintained as recommended by the culture collection center at University of Texas, Austin, USA, and the Pasteur Culture 432
Collection of Cyanobacteria at the Institut Pasteur, Paris, France (Dataset S1). To achieve sufficient cell mass for PSI oligomer identification, the cyanobacteria were cultured in feasible 434 media with light intensity in the range of 20~100 μmol photons /m 2 /s (Dataset S1). The modified ASN III medium contains BG-11 medium with addition of ASNIII media major salts (25 g/L 436 NaCl, 3.5g/L MgSO4 x 7H2O, 2.0g/L MgCl2 x 6H2O, 0.5 g/L KCl).
To study the physiological significance of PSI tetramer in cyanobacteria, non-standard 438 culture conditions were tested. To investigate the effect of nitrogen sources, some heterocystforming cyanobacteria were cultured separately in BG-11, BG-110 or BG-11+NH4 + (BG-11 440 supplemented with 1 mM NH4Cl two days before cell harvesting). To test the effect of temperature, some thermophilic cyanobacteria were cultured at 45 °C versus 37 °C. In addition, a 442 culture of Fischerella muscicola PCC 7414 grown at 37 °C was incubated at 24 °C before harvesting. To investigate the effect of salinity, some marine cyanobacteria were cultured in both 444 BG-11 and modified ASNIII media.
The standard high light (HL) and low light (LL) comparison experiments for TS-821, PCC 446 7414, PCC 7428, and PCC 7203 were done as described before (Semchonok et al., 2016) . To eliminate the potential stress from cell culture density and/or difference from lighting sources, a 448 systematic analysis of how TS-821 respond to different level of light intensity was done by Thylakoid membrane isolation For thylakoid membrane preparation, cells are lysed by French Press. Cyanobacterial cell 458 pellets were washed in buffer A (50 mM MES-NaOH, pH 6.5, 5 mM CaCl2, 10 mM MgCl2) and then pelleted by centrifugation (Watanabe et al., 2009) . Cell pellets were resuspended in lysis 460 buffer (buffer A containing 0.5 M sorbitol) and homogenized before French Press. In the case of Scytonema crispum UTEX LB 1556, cell aggregates were broken into small fragments by 462 grinding in liquid nitrogen before resuspension in lysis buffer and homogenization.
Homogenized cell suspensions were processed through the French Press three times at 1500 or 464 2000 psi (10 to 14 MPa), then unbroken cells were removed by pelleting at 10,000 g for 5 min.
In most cases, thylakoid membrane pelleting from cell lysate was done by centrifugation at 466 40,000 rpm (193,000 g Type 50.2 Ti, Beckman) for 30 min at 4 °C. Thylakoid membrane pellets were resuspended in buffer A + 12.5% glycerol and homogenized before storing at -20 °C or -80 468 °C. For HL versus LL experiments, thylakoids were washed in buffer A once and pelleted at 193,000 g for 15 min before final resuspension. In some special cases where cell mass is low and 470 large membrane fragments are ready to be pelleted at lower g-force, thylakoids were resuspended after spinning at 10,000 g for 5 min. Chl concentration was determined as described previously 472 (Iwamura et al., 1970) .
PAGE analyses and Western blot 474
In most cases, 4-16% BN-PAGE gels (Invitrogen) were used to analyze solubilized thylakoids or isolated photosystems according to the user manual and references (Schägger and 476 von Jagow, 1991; Wittig et al., 2006) . In addition, some of the BN-PAGE gels were homemade to analyze samples with large loading amount. To analyze PSI oligomeric states, thylakoid 478 membranes were solubilized in different concentration of detergent n-dodecyl-β-maltoside (DDM) (Glycon, Germany) at 25°C for 1.5 h. Insoluble material was removed by centrifuging 480 180,000 g for 5 min or 98, 000 g for 10 min at 4 °C. Supernatants were taken out for BN-PAGE analysis. To identify the photosystems after BN-PAGE, a second dimension Tris-Tricine SDS-482 PAGE was used as described previously (Li et al., 2014) .
To detect the presence of PsaL in Synechocystis mutants, Western blot was done after SDS-484 PAGE. Protein bands were transferred from polyacrylamide gels to a 0.45 μm PVDF membrane (Millipore) using blotting cassette (idEA, Minneapolis, MN). Membranes were blocked using 486 TBS-T buffer + 3% NFM (non-fat milk powder) at room temperature for 1 hour. Primary antibody antisera were diluted from 1: 5000 in TBS-T + 3% NFM depending on the efficiency of rabbit) conjugated to HRP was diluted in TBS-T + 3% NFM down to 1:50,000 before treating 490 the washed membranes for 1 hour at room temperature. The targeted proteins were then detected using chemiluminsence HRP substrate (Millipore) with signal recorded using ChemiDoc XDS 492 system (Bio-Rad).
Antigen design and antibody production 494
PsaL sequences are not well conserved for antigen design from a single consensus sequence. To achieve one antigen for all PsaL of interest in this study, i.e. Chroococcidiopsis sp. 496 TS-821, Arabidopsis, T. elongatus BP-1, and Synechocystis sp. PCC 6803, a fused protein, CATSPsaL containing fragments of different PsaL was designed. To predict the epitopes, 498
Kolaskar & Tongaonkar Antigenicity's methods (Kolaskar and Tongaonkar, 1990 ) on IEDB Analysis Resource (http://tools. immuneepitope.org/tools/bcell/iedb_input) and ABCpred (Saha 500 and Raghava, 2006) (http://www.imtech. res.in/raghava/abcpred/index.html) were used. The antigen sequence is aligned against different PsaL fragments and its predicted antigen to ensure 502 the high probability of getting antibody for each PsaL (Fig. S1 ). In addition to the N-terminal fragments, the loop insertion between second and third trans-membrane helices of TS-821 PsaL 504 was also used to achieve high antigenicity for TS-821.
Synthetic CATSpsaL gene (IDT, San Jose, CA) was cloned into pTYB2 (NEB) plasmid. 506
The expression plasmid DNA was then transformed into E. coli ER2566 for antigen expression.
IMPACT™ Chitin Resin (NEB) was used as column matrix for antigen purification. Antibody 508 was produced at Pocono Rabbit Farm (Canadensis, PA) using the 91-day protocol on two rabbits.
For PsaL antibody production, the purified 1 mg/mL antigen was used as inoculum. 510
PSI isolation and characterization
Sucrose Density Gradient Centrifugation (SDGC) was used for PSI isolation as described 512 previously (Li et al., 2014) . SDGC was also used to study PSI oligomeric states, as a parallel or complementary experiment to BN-PAGE profiling. Thylakoid membranes containing 0.4 mg/mL 514 Chl were solubilized in 0.6~1% DDM. After removing insoluble fragments, the solubilized membranes containing 1 mg Chl were loaded on 10-30% sucrose density gradient in buffer A 516 containing 0.01% DDM. This method showed comparable result with BN-PAGE analysis. For large loading of solubilized membrane (containing 1~3 mg Chl) on a sucrose density gradient, 518 centrifugation was done twice with the first 20~24-hour spin followed by dialysis and another 24-hour spin (SW32Ti, 30,000 rpm). Lower ionic strength such as 0.4 x buffer A in sucrose 520 density gradient for PCC 7414 PSI oligomers was tried and showed no observable difference for PSI profiles. Inter-dimer carotenoids were isolated after SDGC following treatment of PSI 522 tetramer with 5% DDM for at least one hour at room temperature. Isolated PSI samples were dialyzed before analysis. For the proteomic comparison between PSI trimers and PSI tetramers, 524 isolated PSI oligomers were further purified by BN-PAGE and sliced out for analyses.
Low temperature fluorescence spectra were acquired as described before (Li et al., 2014) . 526
Absorption spectra of isolated proteins and pigments were taken using Cary 300 UV-Vis spectrometer (Agilent). The sample buffers were used as blanks. For PSI oligomer absorption 528 spectra comparisons, A680 was adjusted close to 0.5 or 1. The PSI absorption differences were calculated after normalizing the data at A680. Electron microscopy and single particle analyses 530 were done as described in previous studies (Li et al., 2014; Watanabe et al., 2014) . Pigment analyses were done using HPLC by DHI (Denmark) (Van Heukelem L and Thomas CS, 2001) . 532 psaL gene cloning and TS-821 genome sequencing Most cyanobacterial DNA extracted for psaL cloning were done as described in previous 534 study (Li et al., 2014) . TS-821 DNA for genome sequencing as well as some cyanobacterial DNA for psaL cloning was extracted using the NucleoBond ® DNA isolation kit. For psaL 536 cloning of heterocyst-forming cyanobacteria with unknown genome data, different primer sets (Tables S1, S2) from psaF and gmk genes were used to amplify the psaL gene and its flanking 538 region. The cyanobacteria of interests were classified using their known DNA sequences or genus names to facilitate picking primer pairs. PCR products were ligated into pJET vectors 540 using CloneJET™ PCR cloning kit. Plasmids containing cloned psaL were sequenced using Sanger sequencing at UT Genomics Core (Knoxville, TN). 542 TS-821 culture was purified as described in earlier study (Rippka et al., 1979) before DNA extraction for genome sequencing. The DNA was submitted to UT Genomic Core (Knoxville, 544 TN) for sequencing using Illumina ® MiSeq Kit V2 with 2 x 250 bp read length. The resulted FASTQ files were analyzed using SPAdes (version 3.7.1) (Bankevich et al., 2012) . The 546 assembled contigs were submitted to PATRIC (Wattam et al., 2014) for annotation, which uses the RAST (Overbeek et al., 2014) system. 548 Phylogenetic and psaL analyses
The species tree was generated by a concatenation of twenty-nine conserved proteins 550 selected from the phylogenetic markers previously validated for cyanobacteria using a Maximum Likelihood method as described previously (Calteau et al., 2014) . Protein sequences were 552 aligned using MAFFT v7.307 (Katoh and Standley, 2013) , then ambiguous and saturated regions were removed with BMGE v1.12 (with the gap rate parameter set to 0.5) (Criscuolo and 554 Gribaldo, 2010) . The best fitting model of amino acid substitution for this dataset was selected with ProtTest v3.2 (Darriba et al., 2011) . A Maximum-Likelihood phylogenetic tree was 556 generated with the alignment using PhyML 3.1.0.2 (Guindon et al., 2010) using the LG amino acid substitution model with gamma-distributed rate variation (six categories), estimation of the 558 proportion of invariable sites and exploring tree topologies. 100 bootstrap replicates were performed. The phylogenetic trees were displayed and annotated using the interactive tree of life 560 (iTOL) online tool (Letunic and Bork, 2016) .
Genomic context of psaL/I/F/J genes and PsaL protein sequences were extracted from the 562 MicroScope platform (Vallenet et al., 2017) , public databases, and data generated in previous study (Schirrmeister et al., 2015) or this study (Dataset S1). The LOGO plot for the PsaL linker 564 was generated using WebLogo 3 website (http://weblogo.threeplusone.com) (Crooks et al., 2004) . 566
Construction of Synechocystis psaL mutants
Some psaL mutants were obtained in previous study (Li et al., 2014) with low expression 568 efficiency. To improve the expression level of exogenous PsaL, the codon optimized synthetic psaL DNAs in pBSK vector were obtained from IDT (San Jose, CA). Similar methods were used 570 for cloning and Synechocystis transformation as described earlier (Li et al., 2014) . The mutants are named as Synechocystis sp. PCC 6803 expressing Synthetic Chroococcidiopsis sp. TS-572 821/Arabidopsis thaliana psaL (SCHL/SAtL).
Supporting Information
Additional supporting information may be found in the online version of this article. 778 Table S1 . PCR primers and conditions for different psaL cloning. Table S2 . Primer sequences used for psaL cloning. 798 Dataset S1. Summary of cyanobacterial PSI oligomeric states, culture conditions, and genomes studied.
